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TECHNICAL NOTE NO. 1516 

A GENER ALIZED THEORETICAL AND EXPERIMENTAL INVESTIGATION OF TEE 
MOTIONS AND HYDRODYNAMIC LOADS EXPERIENCED BY V-BOTTOM 
SEAPLANES DURING STEP-LANDING IMPACTS 
By Benjamin Milwl tzky 

SUMMARY 


A theoretical investigation is made of the motions and hydrodynamic 
loads experienced by V— bottom seaplanes during the course of a step- 
landing impact. In the analysis the primary flow about the immersed 
portion of a heeled float or hull is considered to occur in transverse 
flow planes and the virtual-mass concept is applied to calculate . the 
reaction of the water to the motion of the seaplane . The entire 
immersion process is analyzed from the instant of initial contact 
until the seaplane rebounds from the water surface and the conditions 
required for impact similarity are discussed. 

By treating the variables of motion and time as dimensionless 
quantities. It Is further shown that the variation of these quantities 
Is governed by a single parameter K , called the approach parameter, 
which is a function of the trim and the initial flight— path angle only. 
Thus, for a given value of k , the respective variations during an 
impact of the nondimensional displacements, velocities, and accelera- 
tions may each be represented by a single curve, regardless of what 
the seaplane properties, attitude, or initial velocity may be. The 
use of dinensionless coefficients, by thus taking into account such 
factors as dead rise, weight, trim angle, and velocity in accordance 
with the laws governing the variation of the motion with these 
quantities, permits reduction of all time histories for the same 
approach parameter to a common basis. As a result, the number of 
solutions required to cover the entire range of seaplane and flight 
parameters Is greatly decreased. Furthermore, the presentation of 
both theoretical and experimental results is simplified and a basis 
Ib provided for the ready correlation of large quantities of test data 
obtained under diverse conditions . 

Equations are presented from which the time histories of the motion 
and the hydrodynamic loads have been calculated for a wide range of 
conditions extending from impacts along shallow flight paths approaching 
planing to impacts where the resultant velocity Is normal to the keel. 
Solutions are also presented for the state of motion and the tine corre- 
sponding to the Instants of maximum acceleration, maximum draft, and 
rebound from the water surface . 
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An investigation of the effects of chine immersion on the maximum 
acceleration indicates that, for conventional hsam loadings and flight- 
path angles, the decrease in load resulting from immersion of the chines 
is either small or entirely negligible. For higher beam loadings, how- 
ever, the analysis reveals that appreciable load reductions can be 
expected. 

The results of the investigation are presented in the form of dimen- 
sionless charts which may be directly used to determine the water loads and 
the motions of the seaplane at any instant during an impact as well as at 
the particular instants of maximum acceleration, maximum draft, and 
rebound. Extensive experimental data, obtained in the Langley impact 

basin with floats of 22^ , 30 °, and 40° angles of dead rise for a wide 

range of conditions, are presented in support of the theoretical results. 


INTRODUCTION 


In order to provide a more rational foundation upon which to base 
water loading requirements for the design of seaplanes, an investigation 
of available hydrodynamic impact theories was undertaken by the National 
Advisory Committee for Aeronautics. As a result of- this study, a critical 
survey of previously published works in the field was presented in 
reference 1, which showed that the former treatments are of limited 
applicability since they are valid only for zero trim impacts for which 
the resultant velocity is normal to the keel. The more general equations 
obtained by taking into consideration the effectB of trim and components 
of notion parallel to the keel permit the analysis of practical seaplane 
impacts for the entire range of initial conditions extending from inqpacts 
along shallow flight paths approaching the planing condition to impacts • 
where the resultant motion is normal to the keel. 

In the present paper an analysis is made of the motion and hydro- 
dynamic loads experienced by a prismatic Y— bottom seaplane during step- 
landing impacts. From the relationship between the instantaneous hydro- 
dynamic force and the displacement, velocity, and acceleration of the 
seaplane, the differential equation of motion is written which relates ' 
these variables at all times during the impact. The entire immersion 
process thus specified is analyzed from the instant~of initial contact 
until the seaplane rebounds from the water surface and a number of 
additional relationships are presented which further describe the motion 
during the course of the impact. Since certain events during the 
immersion are of particular interest, the state of motion of the seaplane 
and the time of occurrence are also investigated for the instants of 
maximum acceleration, maximum draft, and rebound from the water surface. 
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From the equations presented it is further shown that the motion 
end time characteristics of a step impact are completely determined "by 
a single par ame ter which depends on the attitude of the seaplane and 
the flight— path angle at the instant of initial contact with the water 
surface. This par ame ter, which may he considered a criterion of impact 
similarity, permits the formation of nondimensional coefficients which 
greatly condense and simplify the presentation of the significant 
intact variables. 

The theoretical results are compared with extensive experimental 

data obtained in the Langley impact basin with floats of 22^- , 30 , 

and lvO° angles of dead rise for a wide range of weights, trim angles, 
velocities, and flight-path angles. 

SYMBOIS 

A hydrodynamic aspect ratio 

b beam 

c wetted semiwidth of cross section 

F hydrodynamic force 

g acceleration due to gravity 

h momentum of fluid within flow plane 

l wetted keel length 

two-dimensional virtual mass 

impact load factor, measured normal to water surface 

rise of disturbed surface above level water surface 

s dist anc e from given flow plane to foremost immersed station 

along keel 

t t ime after contact 

V velocity of seaplane 

W weight of seaplane . 

x distance parallel to water surface 
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y 

z 
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P 


f(3) 

0(A) 


draft of keel at step, normal to water surface 
penetration of given station, normal to keel 
angle of dead rise 

flight— path angle relative to water surface 

mass density of water 

trim angle 

dead— rise variation 

aspect ratio (end flow) correction 


Subscripts : 

ch conditions at instant of chine immersion 

o initial conditions 

p parallel to keel 

r resultant 

s conditions at step 


Dimensionless Variables 


Approach parameter 


sin t 

k = , — — 00 s 

sin y n 


( T + 7 o) 


Load— factor coefficient 


C, = n± v S f v J6 sin t cos^r 


1Y 3 


[f(e)] 2 fi(A) Prt J 


V 


A 
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Draft coefficient 


G <1 ” 7 W 1 


■f(g)l 2 ^(A)pit 


6 sin t cos^r 


1/3 


Draft coefficient at chine immersion 


Cd 


ch = Cs ch 


0{A)pn 


6f ( 3 ) tan t 


1/3 


Time coefficient 


- g 


c t - tar D # 


Lf(P)] g(A)pn 
6 sin t cos^t 


1/3 


Vertical— velocity ratio 


y Q 


ANALYSIS 
Basis of Theory 


The analysis is based on the concept (reference 1) that the primary 
flow about an immersing slender shape, such as a keeled seaplane float 
or hull, occurs in transverse planes which may be considered fixed in 
space and oriented essentially perpendicular to the keel. Because of 
the absence of a satisfactory three-dimensional theory, it is necessary 
to treat the notion of the fluid in each plane as a two-dimensional 
phenomenon independent of the other flow planes. In order to account 
for the losses which exist in the three-dimensional case, the total 
force on the float at any instant, which is obtained by summing up the 
reactions of the fluid in the individual flow planes in contact with the 
float, is reduced by the application of an end flow (aspect ratio) type 
correction $(A). The effects of buoyancy and viscosity, which in an 
impact are normally 1 in comparison with the inertia forces, are 
neglected . 
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The flow process within a particular flow plane begins when the 
keel of the float penetrates the water surface and enters that plane. 

At all times thereafter, the momentum imparted to the water in the 
plane is determined solely by the growth of the float cross— sectional 
shape intersected by the plane and may be expressed as the product of 
the virtual mass associated with the immersed cross section and the 
velocity of penetration into the plane. In the cane of a prismatic 
float, the component of motion parallel to the keel, which governs the 
number of flow planes encountered and. thus the distribution of momentum 
between the water directly beneath the float and the downwash behind 
the step, has no effect on the momentum content. of the fluid within 
the planes still in contact with the float. After the step has pasBed 
through a given flow plane, however, the intersected cross section 
ceases to exist and the plane becomes part of the downwash where it 
remains thereafter, independent of the subsequent progress of the 
impact. 

The instantaneous reaction of the fluid contained in a given flow 
plane is determined by the rate at which momentum is imparted to the 
fluid within the plane. For a prismatic float, therefore, the force 
contributed by a particular flow plane is independent of the component 
of velocity parallel to the keel and is governed solely by the shape of 
the intersected cross section and the components of velocity and accel- 
eration normal to the keel. 

Although the component of velocity parallel to the keel has no 
effect on the state of motion of the fluid within the individual flow 
planes acting on a prismatic float, it is nevertheless of great 
importance in determining the total force since it is one of the 
factors that govern the degree of immersion of the float' as a whole 
and, therefore, the number of flow planes in contact with the seaplane 
bottom at any instant. .As a result, the time history of the motion of 
the seaplane is greatly influenced by the magnitude of the component 
of velocity parallel to the keel and is governed not only by the amount 
of momentum transmitted to the water directly in contact with the float 
but by the manner in which the momentum lost by the float is distributed 
between the virtual mass beneath the keel and the downwash behind the 
step. 


The analysis of the impact process is therefore seen to require 
the determination, on a two-dimensional basis, of the virtual mass 
associated with the immersed cross sections of the float. The instan- 
taneous magnitude of the two-dimensional virtual, mass associated with 
a given float cross section may be expressed in terms of the mass of 
water contained in a semi cylinder of unit length corresponding to the 
disturbed fluid on one side of. an equivalent plate or ellipse in sub- 
merged motion. In potential flow, since the virtual mass of a float 
cross section is determined by the immersed shape, the diameter of the 
semicylinder is a function of the penetration z. For curved or 
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irregularly shaped cross sections , the virtual mass may "be approximated 
by means of Wagner* s expand ing— plate analogy (reference 2). In 
reference 3 the variation of virtual mass vith penetration calculated 
by application of this theory was employed in the analysis of impacts 
of a scalloped— bottom float. In the case of V— shaped cross sections, 
however, if the chines are not immersed, the flow patterns at all 
degrees of penetration are models of each other and the diameter of 
the associated semi cylinder of water will be directly proportional to 
the penetration. The constant of proportionality is determined by the 
dead— rise angle B. The two-dimensional virtual mass of any V— shaped 
cross section may, therefore, be defined as 


■V - [« e )] 2 


£*2 
2 z 


(1) 


where the quantity f(3)z represents the radius of the equi valent 
semicylinder of water associated with the immersed shape. 

The correction factor representing the reduction in total force 
due to finite aspect ratio in the three-dimensional case may, for the 
present, be written as 0(A). 

Since the quantities f(3) and 0(A) are constant during an 
impact, their numerical values do not affect the mathematical derivation 
or the general solutions of the equations of motion, which may therefore 
be carried out with the foregoing functional notation. In a subsequent 
section of this paper quantitative expressions for the dead— riBe variation 
and the end-flow correction will be presented and discussed In order to 
permit direct application of the theoretical results to the prediction 
of the forces and motions experienced by any given V— bottom seaplane 
during a step Inqpact. 


Resolution of the Problem 

TnRt.antaneous force equation .— On the basis of the foregoing 
theoretical concepts, the motion of a V-bottom seaplane is analyzed for 
the step-impact condition. The analysis applies equally to a first 
impact or to a subsequent impact occuiring after the seaplane has 
rebounded from the water surface, provided that the initial conditions 
are taken at the beginning of the impact under consideration. Since 
conventional floats and hulls are essentially prismatic for an appre- 
ciable distance forward of the step, the analysis Is carried out under 
the assumption that the inmersed part of the float has constant cross 
section. The trim of the float is assumed to remain constant during 
the short duration of the impact. 
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Figure 1 is a schematic representation of a prismatic float in the 
process of immersion at positive trim. The. water beneath the float is 
considered divided into flow planes which are fixed in space and 
oriented normal to the keel. A given flow plane is specified by the 
distance s from the forenost immersed station along the keel. The 
penetration into a fixed flow plane is denoted by z. The penetration 
of the step is designated by the dimension z Bt which moves with the 
float. The draft y is a projection of z 8 normal to the water sur- 
face and is equal to z g cos t . 

In accordance with the previous discussion, the momentum imparted 
to the fluid in a given flow plane is 


h = m^z ds 

* [fU)] 2 ^z 2 z ds (2) 


The reaction of the fluid in the plane to the motion of the float is 
therefore 


dF 


= [f ( 3 )] 2 ££(z 2 z + 2zz 2 ) 


ds 


(3) 


The total force on the float, which acts normal to the keel, is 
obtained by integrating along the length and applying the reduction 
factor 0(A) as a correction for end Iosssb. 

Since z = s tan t, the total force on the float at any instant 
is given by 


F = [f(S)] 2 0(A)-|Mz tan^r 


1 z„/tan t 


b 2 ds + 2z^ tan t 


iz 6 /tan t 


or 


F = 


[f(3)] 2 0(A) 


fz 3z 
Prt ( s 

2 tan Ty 3 


+ 



(M 
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Equation (4), which corresponds to equation (22) of reference 1, 
provides the relationship "between the total force on the float and the 
instantaneous state of motion. With z set equal to zero, this equation 
likewise applies to the problem of steady state planing. 

Equations of motion during impact .— Treating the seaplane as a 
free "body and employing equation (h-) permit the determination of the 
motion characteristics of the impact "by application of Newton’s second 
law. The assumption of constant wing lift equal to the weight of the 
seaplane results in the equation of motion 



f(S)] 2 0(A) 


P7t / ^S 3z ' 

2 tan T \ 3 



( 5 ) 


which expresses the general relationship that exists among the variables 
at any time during the impact process. 

For convenience in comparing the theoretical results with experi- 
mental data obtained in laboratory testing, equation ( 5 ) may be rewritten 
in terms of the coordinate system, relative to the water surface . The 
transformation of equation ( 5 ) requires the application of the respective 
relationships between z a , z, “z and y, y, y. From figure l.it can 
be readily seen that the normal velocity component z and the component 
parallel to the keel "Vp are related to the horizontal and vertical 

velocity components x and y by the expressions 

z = x sin t + y cos t (6) 

and 

Vp = x cos t — y sin t ( 7 ) 


Since the resultant acceleration is normal to the keel. 


y 

z = 

COS T 


(8) 


and there is no longitudinal acceleration in the direction parallel to 
the keel. Thus Vp is at all times constant and equal to its initial 


value at contact: 


T p = *0 008 T “ ? 0 Sin T 
= x COS T — y sin T 


(9) 
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Combining equations (6) and. ( 9 } gives 


00s T 


+ E 


( 10 ) 


where 


K = V tan t 
P 



tan t) sin t 


( 11 ) 


Substitution of equations (8) and (10), together with the geometric 

y / v 

relationship z g - — — — , in equation ( 5 ) results in the transformed 

equation of motion that relates the motion variables with respect to the 
coord inate sys tem relative to the water surface : 


or 


where 



|^3“ + 3y 2(^ + k cos t) 2 ] 
6 sin t cos^r — J 


( 12 ) 



^)y 3 ]y + 3(^y 2 (y 


+ K cos t) 2 = 


(12a) 


[f(3j] 2 0(A) P7 t 

o sin t cos t 


Integration of equation (12a) provides the relationship between 
the draft and vertical velocity: 



+ E cos t ) e 


K cos T 
y+E cos i 


y Q + E cos t 


E cos 


y n +E cos 


3 


- 1 


0 ( 13 ) 


The preceding equations apply throughout the Impact process . 
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From equations (12a) and. (13), it can be seen that the motion 
experienced, by the float during an impact is governed by the three 

constants (^f) , K cost, and y Q . Thus, for given values of these 

quantities, identical float motions will be obtained regardless of the 
separate magnitudes of the primary variables. 


The quantity a, which is determined by the shape of the immersed 
volume, is a factor such that ay3 represents the instantaneous three- 
dimensional virtual mass associated with the submerged portion of the 
float bottom. The virtual mass is expressed in the form of a half— cone 
of water constituting the summation of the two-dimensional semicircular 
increments of virtual mass in the individual flow planes and is modified 
by the aspect— ratio reduction factor 0(A). The magnitude of the 


constant 



therefore determines the ratio of the virtual mass at 


any draft to the mass of the float. 


The expression K cos r represents the vertical component of 
velocity due to mot Lon of the float parallel to the keel. This compo- 
nent, which is constant during an impact, causes the immersed float 
volume for a given displacement of the float in the direction perpen- 
dicular to the keel to be less than that which would exist in the case 
where there is no longitudinal velocity component. As a result, there 
is a smaller virtual mass acting on the float and a loss of momentum 
to the downwash behind the step. In an impact where the resultant 
velocity is normal to the keel, since the total momentum lost by the 
float is contained solely within the flow planes in contact with the 
bottom, the instantaneous velocity at any draft is determined by the 
ratio of the virtual mass to the float mass. When the path of motion 
of the seaplane is inclined to the keel, however, as a result of the 
loss of momentum to the downwash, the ratio of the virtual mass to the 
float mass is not alone sufficient to determine the instantaneous 
velocity since, in this case, only part of the momentum lost by the 
float Ls included within the virtual mass beneath the float. Thus, as 
previously noted, although the instantaneous hydrodynamic force is 
determined solely by the penetration of the float and the components 
of velocity and acceleration normal to the keel, the time history of the 
float motion is seen to depend, in addition, on the manner in which the 
momentum lost by the float is distributed between the virtual 'mass 
beneath the keel and the downwash resulting from motion of the float 
parallel to its axis. 

Dimensionless representation of impact characteristics .— Since 
the behavior of the float during an impact Ls dependent upon a large 
number of variables constituting the float properties, such as weight 
and shape, as well as the attitude and state of motion at initial con- 
tact, a nondimensional treatment of the motion may be employed in order 
to decrease the number of independent variables which must be considered. 
This approach permits the time histories of the seaplane motions and 
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loads for different conditions to be reduced to a common basis; thus, 
fewer solutions are required to cover the entire range of seaplane and 
flight parameters and the presentation of the theoretical and experi— 
.mental results is simplified. 


By rearrangement of the equations of motion, dimensionless variables 
may be formed which are related at all instants during the impact by a 
single parameter which is a function solely of the trim and the 

initial flight— path angle relative to the water surface. Thus, by 
applying equation (12a), the nondimens ional load— factor coefficient 

is shown to be related to the instantaneous vertical— velocity ratio y/y Q 
and the draft coefficient by the expression 



where 




1/3 


is the draft coefficient and the parameter k is 


the quantity 


K cos T 


The load— factor coefficient may also be written in the following 
equivalent forms: 



• where the impact load factor is defined by n^ = — 

w 3 



In a similar manner equation ( 13) may "be rewritten to obtain the relationship between 
the nondimens ional draft coefficient and. the ■vertical-velocity ratio: 
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and also gives the relationship between, the load— factor coefficient and 




In the preceding equations 


K 


K cos r 


•7— sin T COS T — 


. 2 
sin t 


The initial horizontal and vertical components of velocity are related 
to the flight-path angle at contact 7 0 by the expression 



tan r 0 


Therefore 


K = cot 7 Q sin r cos t — sin^T 

- ftn~7^~ 008 + 7 o) (2°) 

The foregoing equations show that the instantaneous magnitudes of 
the nondimensional variables are related to each other at all instants 
during the course of an impact by the parameter k which is determined 
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by the initial conditions r and r 0 . Since all coefficients at the 

same instant are uniquely related through s, the simultaneous values 
of the draft coefficient and the load— factor coefficient may be calcu- 
lated for each instant throughout the impact by ass umi ng successively 

smaller values of the vertical— velocity ratio 1. By this pro— 

cedure the motion of the seaplane is defined from the instant of initial 
contact until the occurrence of the rebound from the water surface. 

For a given value of k, therefore, the respective variations 
during the Impact of the nondimensional draft coefficient, vertical- 
velocity ratio, and load— factor coefficient may each be represented by 
a single curve regardless of what the seaplane properties, ' attitude, or 
initial conditions may be. Consequently, a single variation of k 
exists for each of the dimensionless variables representing the state 
of motion and the time at any given stage of the impact. The use of 
dimensionless coefficients, by thus taking into account such factors as 
dead rise, weight, trim angle, and velocity In accordance with the laws 
governing the variation of the motion with these quantities, permits 
reduction of all time histories for the same approach parameter to a 
common basis. As a result, the number of solutions required to cover 
the entire range of seaplane and flight variables Ib greatly decreased. 

In addition, the presentation of both theoretical and experimental 
results Is simplified and a basis is provided for the ready correlation 
of large quantities of data obtained under diverse conditions. 

A graph of k In terms of the trim and initial flight— path angle 
is presented In figure 2. For research purposes, laboratory tests may 
be made at values of k ranging from zero for impacts where ths 
resultant velocity is normal to the keel ^ 7 Q = 90 ° — T ; near-vertical— 

drop condition) to values approaching infinity at the planing condition. 
In smooth water, r Q and r are referred to the horizontal plane. As 
indicated In reference 3, th9 motion of the seaplane In rough water may 
be approximated by rotating the axes and taking the initial conditions 
relative to the wave surface. Although statistical data showing the 
frequency of occurrence of the Initial conditions encountered In normal 
seaplane operations are, unfortunately, not available, the practical 
range of' the approach parameter for conventional seaplanes may be con- 
sidered limited to values between 0.2 and 10. 

On the basis of the equations presented in this section, figures 3, 
k, and 5 show the calculated variation of the motion coefficients 
throughout the impact for several values of k . These curves cover a 
greater range of initial conditions than is usually encountered in normal 
seaplane operations . 

As seaplanes become larger and more flexible, the tims character! stii 
of the motion during landing become of increasing significance In deter- 
mining the dynamic response of the structure. Similarly, In experimental 
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research the design of suitable instrumentation is greatly aided by 
knowledge of the time— history characteristics of the quantities to be 
measured. Because of the nature of the equations of motion, a direct 
analytical solution in terms of time has not been obtained. However, 
the use of numerical or graphical methods for integrating the relation- 
ships between the variables during the impact permits the ready deter- 
mination of the time after initial contact at which each set of the 
motion coefficients exists. The time may be expressed in the form of 
a nondimensional time coefficient 



or 


where 




= ftr. 


[f(3)] g 0(A)prt 
6 sin t cos 2 t 


1/3 


( 21 ) 


The calculation of the time coefficient corresponding to the 
simultaneous values of f/f 0 * C^, and which exist at any instant 

during the immersion completes the determination of the motion charac- 
teristics of the impact. Figures 6 to 8 show theoretical time histories 
of the motion variables from the instant of initial contact until the 
float leaves the water surface, for several values of tt which represent 
a wide range of initial conditions. 

In applying figures 3 to 8 to particular problems involving inter- 
mediate values of k, interpolation of the calculated curves should 
provide sufficient accuracy for practical purposes. The interpolation 
of the load— factor curves may be facilitated by the construction of a 
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graph, of 



*max 


— . against 

Ct (°^ 



to he used in 


conjunction with curves of Cj and C-^ corresponding to the instant 
of maximum acceleration. 


Laws of variation .— The preceding analysis has shown that the 
motion and time characteristics of an impact are completely dete rmine d 
hy the approach parameter k , which is a function of the trim and the 
initial flight— path angle. Thus, for a given value of k, since the 
instantaneous value of the vertical— velocity ratio y/y 0 determines 


the values of the ratio of virtual mass to float mass, = ^j=^y 3 , 

fax 1 / 3 


the load— factor coefficient Cj = — 


and the time 


coefficient 


°t - *o(fc) 


1/3 


corresponding to the same instant, the 


respective variations of the dimensionless motion coefficients during 
the impact may each he represented hy a single curve, the shape of 

which 1. determined hy K . The identities (f) end y 0 mey he 

considered to serve as scale factors which permit the reduction of the 
variables to a common hasis . 


For a given value of k, therefore, the absolute values of the 
load factor (acceleration), draft, and time corresponding to a particular 
stage of the impact process (a given value of y/y 0 ), such as the 
instant of maximum acceleration, maximum draft, rebound,- or any other 
proportional part of the immersion process, are related to the primary 
variables by the following simple proportionalities: 
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The acceleration corresponding to a given Btage of the intact 
varies in accordance with the relationships: 


7 « Jr 


« P 


( T ^ 

&< e >] 2/3 

[0(A)] 1 / 3 

,1/3 


« (sin T COS^t) 


-1/3 


The vertical velocity at any instant is directly proportional to 
the initial vertical velocity. 

The draft at any given stage of the impact varies as follows: 

T 


M - 1 / 3 


cc p 


,- 1/3 


(sin t cos^t) 


and is independent of the magnitude of the initial velocity. 
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The time after contact at which a particular phase of the impact 
occurs varies in accordance with the relationships : 


*0 



« [0(A)] 
ec p"^/3 


- 1/3 


« ^sin r cos^r) 


1/3 


Since the simultaneous values of Cj, C^, and C t' for a given 

value of it, are determined by the corresponding instantaneous value 
of y/y 0 j it is evident from the form of the coefficients that the ratio 

of the drafts at which any two events occur during a given impact (for 
example, the ratio of the draft at maximum acceleration to the maximum 
draft) is independent of the properties of the float and the magnitude 
of the initial velocity and is purely a function of K . In a similar 
manner, the ratios of the vertical velocities, accelerations, and 
times corresponding to different stages of the impact also depend only 
on K • 


The application of the foregoing proportionalities permits the 
determination of simple relationships that show how various combinations 
of the Instantaneous variables, which may have significance In particular 
problems, are affected by variations in the float properties and/or 
initial conditions. As has already been seen, the simultaneously existing 
values of the motion and time coefficients are determined by the instant 
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considered as well as by the value of tc for the impact. For a 
given instant and a particular value of k , the variation of several 
such ratios with the other parameters is given by the following 
proport i onali ties: 



The ratio y/t is independent of the float properties. In a similar 
manner, the dependence of any other combinations of the instantaneous 
variables on the initial conditions and float properties may be readily 
determined from the form of the coefficients. The variation with lead 
rise, trim, and fluid density may be obtained from the definition of a. 


Special Conditions 

Conditions at maximum acceleration .— Of primary Interest to the 
designer are the maximum loadB to which the seaplane will be subjected 
during a given impact and the variation of these loads with the properties 
of the seaplane and the flight conditions which may be expected. 

Differentiating equation (12a), which applies at ali instants 
during the impact, and setting the third deri vative equal to zero gives 
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an equation that relates the instantaneous load— factor coefficient, 
draft coefficient, and velocity ratio at the time of maximum 
acceleration: 



( 22 ) 


Equating equations (22) and (14) results in the relationship 
between the velocity ratio and the draft coefficient at rnwyirmim 
acceleration: 


or 



By substitution in equation (22), the maximum load— factor 
coefficient may be expressed in terms of the draft coefficient at the 
instant of maximum acceleration by 



( 24 ) 
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or, in terms of the vertical— velocity ratio at the same instant, hy 



Combining expressions (16) and (23) results in an equation which 
relates the draft coefficient at the instant of maximum acceleration 
and the approach parameter k : 


7 3 (^)(6k + 7) - 2 

.... »[ 2 - Kf)] [ + ' 3 (¥) 

(1 + k) 2 - y 3 (^J 

“ - lo 6q r 

(1 + (C) 2 - 7 y 3 (^) 


(26) 


The relationship between the vertical— velocity ratio at the instant of 
maximum acceleration and k is obtained by equating equations (l6) 
and ( 23a) : 



(27) 


The analytical solution of equation (2 6) or (27) for y 3 

or y/y Q and substitution in equations ( 2h ) and (25) would provide 
the separate relationships between k and the draft -coefficient, 
vertical— velocity ratio, and load— factor coefficient, respectively, at 
the instant of maximum acceleration. However, although equations (26) 
and (27) have not been solved analytically, numerical or graphical 
methods may be employed to determine the magnitude of the^ variables at 
the instant of maximum acceleration. 
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In figures 9(a), (b), and (c), the calculated values of C^, y /y Q , 
and C 1 at maximum acceleration are plotted against k for a wide 
range of approach conditions. The tine coefficient at maximum 
acceleration C^, which was calculated fpr given values of b by 

integrating the relationship between th? varighleg in the manner 
previously discussed is §lgyn as g function^of in figure 9 (d). 

Conditions at maximum draft .— Explicit solutions may be obtained 
for the maximum draft poeff^cient and the load-factor coefficient at 
maximum, draft as fuhctiPns of s. At the instant of maximum draft, 

y 

— = 0. Therefore, the application of equation (16), gives 

y© • 



In addition to the maximum draft, the maximum wetted keel length may be 

y 

determined from equation ( 28 ) by means of the substitution Z = 

sin t 

The load— factor coefficient at the instant of maximum draft is 
obtained from equation ( 18 ): 



2/3 


(29) 


Figures 9(a) and (c) present graphs of equations ( 28 ) and ( 29 ) 
showing the varigp^on gf and C^ at maximum draft with b. 

Calculated ?alu?g <?f the pii»3 coefficient c t corresponding to maximum 
draft are presented, in figure 9(d). 

Conditions at rebound .— The impact process is completed when the 
float finally leaves the water surface and rebounds into the air. At 
this instant, y = 0 and, if the wing lift is still assuued to be 
constant and equal to the weight, y = 0. Therefore, by applying 
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equation ( 1 6 ), the vertical— velocity ratio at rebound can be related 
to the approach parameter by the expression 



(30) 


Figure 9(b) presents the variation with * of the vertical— velocity 
ratio at the instant of rebound, as determined from equation (30)* The 
corresponding time coefficient is shown in figure 9(<i)* 

Limiting conditions .— Since the approach parameter k may range 
between 0 and <*> , it is desirable to determine the limiting values 
between which the coefficients of motion at different stages of the 
impact may vary. The condition of k = 0 is obtained' when the flight 
path at contact is normal to the keel of the float. Applying 
equations (14) and ( 16 ) gives the equations of motion for this case 



Since ay^ represents the virtual mass, equation ( 32 ) shows that 
the sum of the instantaneous momentum of the float and the momentum of 
the water directly beneath the float (virtual mass) is constant through- 
out the impact and equal to the initial momentum of the float. This 
equality of momentum exists only when k is equal to zero. Since the 
deceleration of the float in this case is in the same direction as the 
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resultant velocity, the float continues along its original path of 
motion throughout the impact. Thus, only the flow planes directly 
beneath the float will he affected by the imnersion and will absorb 
all the momentum lost by the float. For values of K other than zero, 
this relationship does not apply since part of the momentum lost by 
the float will be contained in the fluid left behind as the downwash. 

Combining equations (31) and (32) permits the load— factor 
coefficient to be written in terms of the vertical— velocity ratio or 
the draft coefficient: 


and 



(33) 



(34) 


The time coefficient may be directly obtained by integrating 
equation ( 32 ) : 


♦ Hf)] (35) 

Equation (35) shows that the draft always increases with time. 
Thus, while the downward velocity of the float grows smaller as the 
impact progresses, a maximum draft is never reached. This result is 
further evident from the fact that, since the momentum lost by the 
float is contained in the virtual mass alone, an infinite virtual mass 
(infinite draft) is required to satisfy the condition of zero vertical 
velocity. This result is due to the neglect of the buoyant forces 
which, because of the large drafts involved, are of greatest importance 
at very steep flight-path angles beyond the range of practical seaplane 
landing conditions. 
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Combining equations (32) and (35) gives the relationship "between 
the time coefficient and the vertical.— velocity ratio: 



For k * 0, equation (23a) permits the ready determination of the 
ratio of the virtual mass to the float mass at the instant of maximum 
acceleration 


= f (37) 


Thus the draft coefficient at maximum, acceleration is 


7 (ir ) l/3 3 (f ) 1/3 = 0 - 6586 ( 385 


The vertical— velocity ratio at this instant is obtained from 
equation (32): 

4 - = 1 (39) 

y Q 9 

whereas the load— factor coefficient is obtained from equation (31): 
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and tlie time coefficient from, equation (35) s 

<f ) 1/3 - (f^C 1 - ro) * °- 7057 (“ 1 > 

For k = 0, since a maximum draft is never reached, there will be 
no reversal of the vertical motion and the float will never leave the 
water. These results are peculiar to k = 0 for the reasons previously 
stated. At all other values of k, because of the loss of momentum to 
the downwash resulting from Inclination of the flight path to the keel, 
a maximum draft will be attained and the float will rebound from the 
water surface in a finite time. For steep impacts ( s mall values of k) 
the difference in time coefficient between the occurrence of nwcrt mum 
acceleration, maximum draft, and rebound will be large. As the flight 
path becomes flatter this difference becomes smaller until, as the 
condition of planing (k =«) is approached, there is no difference. 

For the latter condition, the motion coefficients approach the 
following limiting values : 


lim C 2 = eo 

K — > 00 


lim _7_ _ 
k — > 00 *0 


lim C 

K > 00 


d = 0 


11“ c t = 0 
k — ^ 00 


For planing with only partial wing lift the relationship among the 
variables may be calculated by setting the left-hand member of equa- 
tion (12) equal to the load on the water and letting y = y = 0. 

Chine immersion .— The foregoing analysis has assumed that the 
width (beam) of the V-ehaped float bottom Is sufficiently great that 
the chines do not become immersed at any time during the impact. 
Although this condition is generally true for the flight-path angles 
encountered In normal operation and the range of team loadings employed 
in current American seaplane design practice, some mention should be 
made of the effects of chine immersion accompanying the greater pene— ' 
trations which may be experienced with more heavily loaded seaplanes 
and/or steeper .flight— path angles . 
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From the preceding discussion of the physical concepts upon which 
the analysis Is "based, it can "be seen that the force exerted on a given 
cross section of the float "by the water may "be considered to result 
from two actions; namely, the increase in virtual mass accompanying the 
enlarging flow pattern and the reaction to the acceleration of the 

virtual mass (dF = (i^z + n^z) ds) . In any given flow plane, since the 
penetration of the chines marks the end of the expansion of the wetted 
width, in the absence of a more rigorous analysis of the flow, further 
immersion of the cross section may "be assumed to take place with almost 
constant virtual mass, which results in a decrease in force from that 
which would exist if the V— shape had continued to grow in width. In 
the case of the three-dimensional float at positive trim, the reduction 
in total force should occur gradually as successive stations along the 
keel, beginning at the step, become immersed beyond the chines during 
the later stages of the impact. 

The possibility of the occurrence of chine Inmersion during a 
given impact and its approximate effect on the maxLmum acceleration 
may be evaluated from figure 4 by comparing the value of the draft 
coefficient corresponding to maximum acceleration and the draft coeffi- 
cient that would exist at the instant of chine immersion. If the wetted 
width at the step c 8 is taken equal to the width of the effective 

plate corresponding to the virtual mass, the relationship between the 
wetted semiwidth and the draft is given by 

c s * f (P) z s 

= f (P)r 

COS T 

Thus, the draft coefficient at the instant of chine immersion Is 


Cd ch 



°s ch cos T 
f(P) 


° s ch 


g / 0( A ) p7t \ 

W^6f(P) tan T J 


1/3 


(42) 


If Cd 0 k is greater than the draft coefficient at which the maximum 

load— factor coefficient occurs, there will not be any decrease in the 
maximum load due to chine immersion. However, If C,j_ 1 08S than 
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corresponding to the marl mum load.— factor coefficient, then, for 
practical purposes, the Tnmr-Twnrm load— factor coefficient may he con- 
sidered limited to the value of C 2 corresponding to 0 ^^. 

Equation ( 26 ) permits the determination of the largest values 
of K (flattest impact conditions) at which a reduction in Cj^ due 

to the effects of chine immersion is encountered; that is, the values 
of K required to cause the chines to become immersed, for given values 
of at the same instant at which the maximum acceleration is 

reached when there is no chine immersion. For all smaller values of k 
( steeper impacts), the variation of the maximum load— factor coefficient 
with K, as modified by chine i timers ion, is determined from 
equation ( 19 ), by letting C& = The effect of chine immersion 

on C 7 is shown in figure 10 by the broken— line curves which have 
%ex: 

been calculated by the aforementioned procedure for several values 

of Cj corresponding to a wide range of beam, loadings extending from 
u ch 

conventional values to beam loadings considerably higher than those 
employed in present-day design practice. 


Evaluation of f(|3 ) and 0(A) 

Although additional research is still required to define completely 
the variation of virtual mass with dead rise in the two-dimensional case 
and to establish further the losses due to finite aspect ratio in the 
three-dimensional case, sufficient information of both a theoretical 
and empirical, nature is available at present to permit the application 
of the foregoing analysis to V— bottom seaplanes having conventional 
dead— rise angles. Analytically, the virtual mass in any flow plane may 
be evaluated from the results of an iterative solution made by Wagner 
to calculate the force on a two-dimensional V— shape of 18° angle of 
dead rise, during immersion at constant velocity. The results for 
18 ° angle of dead rise were extended to other dead— rise angles by 
equation ( 78 ) of reference 2, which, in the terminology of the present 
paper, may be written as 

2 

dF = - 1^ pnzz 2 ds (43) 

The virtual mass corresponding to equation (4-3) may be evaluated 
by recognizing that, for constant velocity penetration, the force in a 
given flow plane is due solely to the increase in virtual mass 
accompanying the enlarging flow pattern. For this condition, 
equation ( 3 ) becomes 

= [f(P)| pjtzz 2 ds (44) 
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From equations (^3) and (h4) it is easily seen that 


Thus 


ftS) * (w ~ 1 ) C*5) 

% - (t - "f f # W 


is the two-dimensional virtual mass satisfying Wagner* s force solution. 

The evaluation of the virtual mass permits the determination of 
the rise of the disturbed water surface in the immediate vicinity of the 
seaplane above the level-water surface (at infinity). If the virtual 
mass in any flow plane is expressed in terms of the semicircular mass 
of water corresponding to the disturbed fluid on one side of a plate in 
submerged motion 


and 


“w = 


prt 2 

Hr 



1 


2 


c = f(3)z 


where c is the radius of the semicircular virtual mass and is equal 
to the semi width of the plate. 

If the wetted width of the V-bottom in any flow plane is assumed 
equal to the width of the equivalent plate, the equation 


| = f(3) tan P - 1 


(J+7) 


gives the geonetrical relationship in a flow plane between the rise of 
the water surface in contact with the float and the penetration of the 
float with respect to the undisturbed water surface. 
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Equations ( 43 ) to ( 47) are valid only as long as the inmereed 
cross section in any flov plane is a V-ehape and do not apply after 
the chines become Immersed. In the case of V — shaped cross sections 
with chine flare, equation (46) holds until the flared portion reaches 
the water surface, after which Wagner* s expanding— plate analogy 
(reference 2) may be applied to determine the equation of the free 
surface at the instant of chine immersion and calculate the increase 
in virtual mass with further immersion. An e xamp le of the procedure 
for determining the variation of the virtual mass of curved cross 
sections with penetration is given in reference 3 for the case of a 
s calloped— bottom float. 

An approximate correction for the effects of end flow due to 
finite aspect ratio may be obtained from the results -of experiments 
conducted by Pabst with vibrating plates in water (reference 4). These 
tests showed that the factor representing the reduction In virtual mass 
for the three-dimensional case is closely given by the expression 

0 (A) =1-57 (W) 


where A is the aspect ratio of the equivalent vibrating plate. 

For V— bottom floats, if it is assumed that the end— flow correction 
is determined by the shape of the intersected area in the plane of the 
water surface, then the application of Pabst* s data to the keeled 
seaplane results In the expression 


0(A) 


1 - 


2^tan "p 


(49) 


Although It is known from unpublished studies of planing data 
that the dead— rise and end— flow functions given by equations (45) 
and (49) are questionable for very low angles of dead rise, these 
functions have been found to be in rather good agreement with 
experimental data obtained in the Langley inpact basin with floats 


1 ° 

of 22^ ‘and 


30 ° angles of dead rise (reference 5) as well as with more 


recent data obtained with a float of 40° angle of dead rise . Present 
indications lead to the belief that the aforementioned functions may 
not be too far in error for angles of dead rise as low as 15 °, but 
more definite conclusions in this respect must await the results of 
further investigation. It would appear, then, that the functions f(3) 
and $(A), as given, should be directly applicable to the range of 
angle of dead rise most likely to be encountered in conventional 
seaplane practice. 
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APPLICABILITY AND LIMITATIONS 


In view of the fact that the present analysis considers a float 
of constant cross section, there may he some question regarding the 
effects of the pulled-up bow and afterbody in applications to con- 
ventional floats. Although the longitudinal warping of the float may 
be taken into account by more complicated equations, it appears that 
since conventional floats and hulls are essentially prismatic for a 
considerable distance forward of the step, the bow will not cause any 
important deviation of the loads from those calculated on the basis of 
constant cross section for normal impacts at positive trim (reference 6). 

The afterbody, on the other hand, may exert a much more pronounced 
influence on the motion of the seaplane, particularly in laboratory 
testing where, as is sometimes the case, the trim of the model may be 
fixed at very high positive angles. Under such conditions the load is 
taken almost entirely by the afterbody while the forebody may not 
become immersed to any appreciable degree until after the marl mum 
acceleration has been attained. At the lower trims associated with 
step Impacts, on the other hand, the depth of step, the keel angle of 
the afterbody, and the relatively high longitudinal velocity apparently 
combine to shield the afterbody so that it carries very little load In 
comparison with the forebody. 

In flight impacts, even though the landing approach may be made 
at high trim, the initial contact aft of the step generally results In 
a downward pitching of the seaplane to the extent that the main .impact 
occurs at reduced trim and corresponds to a forebody Impact. The 
equations presented may thus be considered to represent approximately 
free— flight Intacta at high trim if the initial conditions are taken to 
correspond with those at the beginning of the main impact. 

As a first approach toward the calculation of the behavior of 
seaplanes in seaway, the preceding analysis may be applied to rough 
water Impacts if the initial conditions are defined relative to the 
wave surface. For trochoidal waves with large length-amplitude ratio, 
the wave profile may be simulated by an inclined plane tangent to the 
surface at the point of contact, which serves as the effective frame 
of reference for the foregoing equations. These assumptions fall to 
consider the internal orbital velocities and displacements of the fluid 
particles within the wave and are therefore approximate . At best, the 
procedure should be applied only to impacts where the float contacts 
the wave about halfway between trough and crest for those cases where 
the trim is, equal to or greater than the slope of the wave. In 
reference 3, the application of these approximations- to several rough- 
water Impacts of a scalloped— bottom float yielded calculated results 
which were in fairly good agreement with experimental data obtained in 
the Langley impact basin. 
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COMPARISON OF THEORETICAL RESULTS WITH .EXPERIMENTAL DATA 


The applicability of the theory to seaplane impacts is illustrated 
by comparisons with a large quantity of experimental data which has 
been obtained over a period of time in the Langley impact basin. The 
tests included a much wider range of trim and flight— path angles than 
is usually encountered in normal seaplane operations . Although part 
of the experimental results has been presented in earlier papers 
(references 5 to 10), some of the data included in the present investi- 
gation have not been previously available . 

A description of the impact basin and its equipment is given in 
reference J. The test data were obtained In smooth water at fixed trim 
with two float forebody models, M— 1 and M—2, which are described in 
references 7 and- 5* These models, which are of all-metal construction, 
have lines generally similar to the hulls of conventional flying boats 
except for the absence of chine flare . Model M— 1 has an angle of dead 
1 ° 

rise of 22^ at the step, whereas model M-2 is of 30° dead rise. More 

recent data obtained with a float which has an angle of dead rise 
of 40° at the step are also included in the present report. The tests 
were run at a number of weights between 1000 and 27 OO pounds and 
include trim angles ranging from 3° to 15° . The range of flight>-path 
angles Investigated included virtually all conditions between planing 
and vertical drop. Wing lift wsls simulated by the action of a pneumatic 
cylinder and cam device which was designed to apply a constant upward 
force to the model equal to the total weight. 

During an impact, the motion of the float normal to the water 
surface was determined by Independent time-history measurements of the 
acceleration, velocity, and draft at the step . Several different 
NACA accelerometers were used in the course of the testing. These 
ranged in natural frequency from 12.5 to 2 6 cycles per second. The 
velocity and displacement measurements were made by means of variable- 
resistance slide-wires whose response characteristics have not been 
completely determined. 

Estimates of the precision of the experimental data are tabulated 
in references 5, 7 , 8 , 9, and 10. On the basis of these values, most 
of the basic measurements are believed to be correct within the 
following limits: 


Horizontal velocity, feet per second ±0.5 

Vertical velocity, feet per second ±0.2 

Vertical displacement (draft), feet ±0.02 

Acceleration, g, percent of reading ........... 5 to —10 


It should.be noted that the accuracies quoted refer to measurements of 
the maximum values attained by the variables during an impact. On the 
other hand, measurements of Instantaneous values which require the use 
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of more than one record trace, such as the acceleration at the instant 
of maximum draft, involve additional errors due to instrument lag and 
time-correlation difficulties which have not been fully evaluated. 

Comparisons between theoretical and experimental time histories 
of the draft, velocity, and acceleration are presented in figures 6 , 

7, and 8 for a range of contact conditions extending from very shallow 
flight paths ( k » 10 ) up to extremely steep flight paths normal to 
the keel (* = 0) . A typical seaplane impact in smooth water at, for 
instance, 6 ° trim, vertical velocity of 3 feet per second, and 
horizontal velocity of 80 miles per hour would correspond to a value 
of K =4.05. For a high-speed landing at 150 miles per hour, for 
example, and the same sinking speed, the flight-path angle is reduced, 
giving a value of k of 7 . 6 . A landing into the flank of an oncoming 
wave, on the other hand, might correspond to a value of ie as low 
as 0 . 2 . 


Although the dimensionless curves permit the complete determi- 
nation of the motion of a seaplane during an impact regardless of the 
properties of the seaplane, its attitude, or the state of motion at 
initial contact, some interpretation of the results is desirable. 

For impacts at different values of K , since both the load— factor 
coefficient and time coefficient are based on the initial vertical 
velocity, the actual time histories of the load will have the same 
relative shapes as the dimensionless curves if the vertical velocity 
is the same for each K . Thus the curves shown in figure 8 may be 
interpreted as corresponding to different seaplanes landing with the 
same sinking speed but with different resultant velocities and therefore 
varying flight— path angles. For this case the maximum load for the 
shallow approaches (high resultant velocities) will be greater than 
that for the steeper flight-path angles and will be attained in a 
shorter time after contact. 

On the other hand, a somewhat different interpretation of the 
dimensionless curves is obtained when a particular seaplane landing 
over a range of flight— path angles is considered. In this case the 
resultant velocity is more or less constant while the sinking speed, 
which depends largely on piloting technique, may be varied to obtain 
a range of flight— path angles . As has been previously shown, the 
acceleration at any proportional part of the Impact cycle varies as 
the square of the initial vertical velocity whereas the corresponding 
time is inversely proportional to the vertical velocity. If the 
resultant velocity and the trim angle are held constant, steeper flight 
paths are associated with the smaller values of K . As n becomes 
smaller, the resulting increase in vertical velocity more than offsets 
the corresponding reduction in load— factor coefficient and increase in 
time coefficient. Consequently, the maximum load obtained with constant 
resultant velocity and trim will be greater Tor the steeper approaches 
than at the low flight— path angles and will be attained in a shorter 
time after contact. As a result, the test data obtained for the highest 
value of k shown in the figures (k = 10.27), which corresponds 
to a very shallow impact with low sinking speed, represent areasured 
accelerations of small magnitude in a region where the accuracy of the 
accelerometer readings is low. 
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It can "be seen from figures 6 , 7 , and 8 that the agreenent 
between the experimental and calculated time histories is fairly good 
throughout a l m ost the entire immersion process. Near the very end of 
the impact, however, just before the float rebounds from the water 
surface, there is a deviation which indicates the application of an 
external downward force on the float and causes the rebound to be 
slightly delayed. In figure J, where this effect is most clearly 
visible, the test points corresponding to the instant of rebound have 
been differentiated by the addition of a flag (\). The extraneous 
force is apparently contributed by the test equipment and baa been 
attributed to two factors which take effect after the maximum draft 
has been reached find the float has begun its upward travel: namely, 

leakage in the pneumatic "lift" cylinder which balances the weight, 
and friction in the dropping mechanism. As a result of the reduction 
in hydrodynamic force accompanying the decrease in draft, the effect 
of the extraneous force on the motion of the float is proportionately 
greatest Just before the float leaves the water surfaoe. On the 
whole, it may be said that the discrepancies between theory test 
data evident from the figures sire within the limits of the experimental 
accuracy provided by the equipment and instrumentation. 

Figures 10 to 13 show how the state of motion corresponding to the 
instants of maximum acceleration, maximum draft, and rebound varies 
with k . A comparison between the theoretical and experimental times 
at which these events occur is given in figure Ih- . The test data cover 
a wide range of weights, velocities, and flight-path angles. A flag.(/) 
attached to an experimental, point signifies that chine immersion boa 
occurred previous to the Instant represented by the point. Logarithmic 
scales have been used in figures 10 to 14 in order to spread out the 
test data and emphasize the differences in the states of notion and 
times corresponding to the various stages of the impact. The extent 
of this expansion of the data can be evaluated by a comparison with 
figure 9 which shows the theoretical curves plotted on a linear scale. 

Figure 10 shows the variation of the maximum acceleration (load), 
in nondimens ional form, with the approach parameter it and compares 
the theoretical results with experimental, data obtained with floats 

JO Q Q 

of 22^- , 30 i and 40 angles of dead rise. The reduced scatter of the 

experimental data for 40° angle of dead rise is due to recent improve- 
ments in the instrumentation employed in the tests. The solid curve 
represents the case in which the beam of thy seaplane is large enough 
so that the chines are not immersed at the instant of maximum accel- 
eration. The effect of chine immersion in reducing the maximum 
acceleration is shown by the broken— line curves, which have been cal- 
culated by the method previously discussed, for several values of 

(the draft coefficient at the instant of chine imnersion) corresponding 
to a wide range of beam loadings. For a given beam loading, the 
intersection of the broken— line curve, corresponding to the proper 
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and the solid curve determines the value of it above 


value of C dch , 

which there is no reduction in load. For values of the beam loading 
which have been in the past commonly used in American seaplane design 

practice f ——5 < 1 ] and normal flight— path angles , the reduction in 

\ p &> 5 / 

maximum acceleration due to chine 'inreersion is quite small. 


With higher beam loadings, on the other hand, the theory indicates 
that an appreciable reduction in load may be obtained. For a given 
seaplane weight, a decrease in beam of h5 percent increases the beam 

1 ° 

- loading six times. For a seaplane with 22^- angle of dead riBe and a 

W a 

beam loading = 6, landing at 6° trim, and y Q = 5°, K = 1.18 

Pgh J 

and = 0.311. As may be seen from figure 10, for this condition 

a 3$-^ percent reduction in load is indicated. With still higher beam 
loadings, even greater reductions are shown by the curves. Such beam 
loadings are conceivable for hydrodynamic lifting devices such as long 
narrow hydroflaps which might be employed as landing gear on high-speed 
aircraft. The use of devices of this type in conjunction with high 
beam loadings may offer certain advantages since such applications 
would not only permit reduction of the landing loads but would also 
allow the loads to be transmitted to the structure at fixed attachment 
points with resultant alleviation of the necessity of the entire bottom 
structure being heavy enough to resist the high local water loads which 
might otherwise occur anywhere on the bottom, as is the case with con- 
ventional flying boats. Unfortunately, at the present time sufficient 
data are not available to verify the theoretical results for the very 
high beam-loading conditions. 


For more conventional beam loadings, on the other hand, a large quan- 
tity of experimental data does exist, extending over a range of beam 

loading of 2^ to 1 and including value b somewhat greater than those 

currently employed. For the great majority of the test conditions the 
reduction in maximum acceleration, in agreement with the theory. Is 
small or entirely absent. 

Figure 11 shows the variation with k of the load— factor coefficient 
corresponding to “the instant' of maximum draft. From the figure it is 
seen that this quantity is always less than the value at maximum 
acceleration, which occurs at an earlier time after contact (fig. 1*0 . 

As might reasonably be expected, the difference in the load— factor 
coefficient at these two instants is greatest at the high flight— path 
angles and decreases as the planing condition is approached. Because 
of lag in the slide-wire measurements which were used to determine the 
instant of maximum drafts the recorded time at which this stage of the 
impact occurs is slightly greater than the actual time. As a result. 
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the accelerations corresponding to the recorded time of maximum, draft 
are somewhat lover than the true values. At the low values of k the 
experimental accelerations at the instant of marl mum draft are con- 
siderably greater than the theoretical values as a combined result of 
the immersion of the nonprismatic bow section of the float and the 
action of the buoyant forces, caused by the large penetrations 
associated with the high flight-path angles . This effect is most 
pronounced beyond the range of conditions, applicable to conventional 
seaplanes. The importance of the buoyant forces will be discussed 
subsequently in more detail. 

The vertical velocities at the instants of maximum acceleration 
and rebound are presented in figure 12. The positive velocities 
corresponding to the occurrence of maximum, acceleration show that the 
motion of the seaplane is still downward at this instant and that the 
msv -tTmrm draft has not yet been attained. At the instant of rebound, 
the seaplane is traveling upward, hence the negative velocities. The 
scatter evident in the test data is due to the previously mentioned 
lag in the slide-wire system as well as to the difficulties encountered 
in correlating the various independent measurements of the motion which 
are required to establish the time at which each event occurs. 

Figure 13 shows the draft at the instant of maximum acceleration 
in addition to the maximum draft. As might be reasonably expected, 
all other conditions being equal, the greater drafts occur at the 
higher flight-path angles. Similarly, the difference between the 
maximum draft and the draft at the instant of maxi mum acceleration is 
greatest at the low values of k and decreases as the flight-path 
angle is reduced. As indicated by the form of the draft coefficient, 
for a given value of k , the absolute draft at any stage of the impact 
is independent of the magnitude of the initial velocity. This fact is 
borne out by the test data which include an eight— to— one velocity range. 

Figure ll shows the time corresponding to the instants of maximum 
acceleration, Tnarimnn draft, and rebound. Here, again, it is seen 
that the maximum acceleration is attained before the maximum, draft is 
reached, which in turn, naturally takes place before the seaplane 
rebounds from the surface of the water. In conformity with the results 
shown in the preceding figures, for the same sinking speed, a greater 
time is required to reach a given stage of the impact process at the 
high flight-path angles than for the flattery-approach conditions. In 
a similar manner, the differences in time between the occurrence of the 
various stages are greatest for the low values of tc and become very 
small as the planing condition is approached. The experimental factors 
which cause the recorded time of maximum draft and rebound to be 
slightly delayed have been previously enumerated . 

An examination of figure 13 reveals that the maximum draft at low 
values of k tends to be slightly less than that specified by the 
theory. This result is apparently due to the combined effects of 
Immersion of the nonprismatic bow section and the action of the buoyant 
( gravity) forces which cause the downward motion of ths seaplane to be 
arrested at an earlier time. The buoyant forces are, of course. 
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larger at the instant of maximum draft than at any other time during 
the impact and are of greatest importance at the high flight— path 
angles because of the greater drafts reached. In addition, because 
the vertical velocities of a seaplane are subject to physical and 
operational limitations, the resultant velocities at the high flight- 
path angles are so small as to emphasize still further the importance 
of the buoyant forces in comparison with the inertia forces for such 
approach conditions. As a result, the experimental accelerations at 
maximum draft for the high flight-path angles are greater than the 
theoretical values. Furthermore, the effect - of buoyancy at the instant 
of maximum draft more than overcomes the reduction in force due to 
chine immersion, which would otherwise result in slightly greater 
drafts than would be experienced If the beam of the seaplane were 
great enough to prevent the chines from reaching the water surface. 

For the practical range of flight— path angles applicable to 
conventional seaplanes, on the other hand, the agreement between the 
theoretical results and the experimental data indicates that the 
buoyant forces are relatively insignificant. 


SUMMARY OF RESULTS 


Theoretical .— (1) The preceding analysis of the motions and 
hydrodynamic loads experienced by a V— bottom seaplane during a step 
impact with the water surface has shown that the motion and time 
characteristics of an impact may be represented In generalized form 
by means of the following dimensionless variables: 

Load— factor coefficient 

C - ( §, sin t cos^r \ 

1 "y 0 2 ^|rf(e)] 2 K( A )p-'jy 

Draft coefficient 
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Time coefficient 


C + = 



[f(P j] 2 0(A)p?t ^\ 1//3 
6 sin t cos^t J 


Vertical— velocity ratio 


*o 


It is also shown that the variation of these dimensionless 
quantities during an impact is governed solely hy the magnitude of the 
approach parameter 


K 


sin t 

Bin r o 


cos 



The approach parameter is seen to depend only on the trim and the 
flightr-path angle at the instant of initial contact with the water 
surface and may he considered a criterion of impact similarity. For 
a given value of k, the respective variations of the aforementioned 
dimensionless variables may each he represented hy a single curve, 
regardless of what the angle of dead rise or weight of the seaplane, 
the attitude, flight— path angle, or initial velocity may he. As a 
result, there is a single variation with it of each of the dimension- 
less variables representing the state of motion and the time at any 
given stage of the impact. 


(2) For a given value of is, the draft, load factor, and_ time 
corresponding to a given stage of the impact ^iven value of are 

related to the primary variables constituting the float properties, 
attitude, and magnitude of the initial velocity hy the following 
proportionalities : 


y «e 



sin T cos 

0p(p3^(a)p 
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% * T"(f 


_f(p)] g 0(A)p 


sin T COS^T 


1/3 


. - 1 /W 

* d«1 


sin T COS^T 


, 1/3 


[f(p)]^(A)p 


(3) A study of the variation of the hydrodynamic loads experienced 
during step impacts shows that: 

(a) The maximum acceleration always occurs "before the maximum 
draft is reached. 

(b) For a given resultant velocity, if the seaplane properties and 
attitude remain the same, the accelerations at the high flight-path 
angles are greater than those at the low flight— path angles and are 
attained in a shorter time after contact. 

(c) For a given sinking speed, on the other hand, greater 
accelerations are obtained at the low flight-path angles. 

(d) The difference between the magnitudes of the maximum load- 
factor coefficient and the load— factor coefficient at the instant of 
maximum draft is greatest at high flight-path angles and decreases as 
the planing condition is approached. 

(4) An analysis of the variation of the draft during step impacts 
shows that: 

(a) As indicate<L-by the form of the draft coefficient, the 
absolute value of the draft at any given stage of the inqpact is 
independent of the magnitude of the initial velocity. 

(b) All other faotors being equal, the greatest drafts occur at 
the higher flight-path angles. 

(c) The difference between the maximum draft ani the draft at the 
instant of maxi mom acceleration is greatest at high flight-path angles 
and decreases as the planing condition is approached. 
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( 5 ) An investigation of the time characteristics of step impacts 
indicates that: 

(a) For a given resultant velocity, if the seaplane properties 
and attitude remain the same, a greater time is required to reach a 
given stage of the impact process at the lov flight-path angles t han 
is required at the high flight— path angles. 

(h) For a given sinking speed, on the other hand, the time to reach 
a given stage of the impact is greatest at the high flight-path angles. 

(c) The difference in the time coefficients corresponding to the 
occurrence of the various stages of the impact (for example, maximum 
acceleration, maximum draft, re hound) is greatest at the high flight- 
path angles and decreases as the planing condition is approached. 

(6) For conventional beam loadings and flight conditions the 
reduction in maximum acceleration due to chine immersion is either 
small or entirely absent. However, for higher beam loadings than 
those employed in current design practice, considerable reductions in 
load can be expected. 

Experimental .— Comparison of the theoretical results with test 
data obtained over a wide range of initial conditions with floats 

jO q 

of 22;y , 30 j and 1+0 angles of dead rise indicates that: 

(1) Within the limits of experimental error, the theory provides 
a good representation of the motion and time variations during the 
entire impact process, from initial contact until the instant of 
rebound from the water surface . 

( 2 ) For conventional beam loadings and flight conditions, the 
effects of chine immersion on the maximum acceleration of the seaplane 
are either small or entirely absent. For higher beam loadings and/or 
steeper flight— path angles, immersion of the chines, in agreement with 
the theoretical results, appears to cause appreciable load reductions. 

(3) For impacts within the practical range of flight conditions 
encountered in normal seaplane operation the effects of buoyancy are 
small. At extremely high flight— path angles, on the other hand, 

"because of the large drafts reached and the fact that the sinking speeds 
are subject to physical and operational limitations, the effect of 
buoyancy on the Btate of motion at the instant of maximum draft is 
appreciable. Even for such steep flight paths, however, the buoyant 
forces do not become important until after the maximum acceleration 

has been attained . 
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CONCLUDING REMAKES 


A theoretical investigation has "been made of the motions and 
hydrodynamic impact loads experienced by V— bottom seaplanes for the 
step-landing condition. The analysis shows that the motion and time 
characteristics of an impact may be represented in generalized form 
by means of dimensionless variables respectively designated the load- 
factor coefficient, draft coefficient, vertical— velocity ratio, and 
time coefficient. It is further shown that the variation of these 
dimensionless quantities during the course of an impact is governed 
by the magnitude of the approach parameter K which depends only on 
the trim and the flight— path angle at the instant of initial contact 
with the water surface and which may be considered a criterion of 
impact similarity. As a result of this generalized treatment the 
number of independent variables and the number of cases for which 
solutions are required are considerably reduced while the presentation 
of theoretical and experimental results is greatly simplified; thus, 
ready correlation of data for the complete range of seaplane and 
flight parameters is permitted. 

The results of the investigation are presented In the form of 
dimensionless curves which may be used to predict the behavior of 
V-^bottom seaplanes at all instants during an impact as well aB at the 
particular instants of maximum acceleration, maximum draft, and 
rebound. A comparison of the calculated results with extensive 
experimental data obtained at the Langley impact basin with floats 
1 ° 

which have 22 i , 30 °, and 14 - 0 ° angles of dead riBe indicates that, 

within the limits of experimental accuracy, the theory provides a good 
representation of the seaplane motion and the hydrodynamic loads 
experienced during the course of a step— landing impact. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Ya., September 26, 19^7 
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Figure 2. — Variation of approach parameter w/th trim 

and flight- path angle. 
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Figure 4 . — Theoretical variation at load factor iv/th draft 
Approach parameter c » an T coe (7V7J . 
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Figure S. — Theoretical variation of load factor with 
vertical velocity . Approach parameter c- cinT cm (r+n^) . 
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Figure 7 . Comparison between theoretical and experimental time histories 

of vertical relocity. approach parameter r. - s/r^ T rn s ( 7 * 7 ^ - 
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Figure 3.- — Comparison between theoretical and experimental time histones 
of load factor. Approach parameter c = .jjOT 7" cos 
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Approach parameter , c - 5/^ T cos(T+i 0 ) 
(a) Draft' coefficient. 



O 2 4 6 6 IO 


Approach parameter , , C = cos ( r * 7 o) 

sin /q 

(b) Vertical - velocity ratio . 

Figure 9. — Theoretical ra nation of the motion 
rar tables with approach pa rameter. 
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Maximum load -factor coefficient, C } = n ' liv max $ f W_ J 6 s/riT cos* T 
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(B) Experimental data for /8* 30°. 



Figure /O. 


Continued 










Maximum load -factor coefficient , C 
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load factor at maximum draft mth approach parameter. 
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Figure 12. Comparison between theoretical and experimental variation of vertical 

velocity with approach parameter. 
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Approach parameter , c- cos {7+ 7 0 ) 


Figure 13 . — Comparison between theoretical and experimental variation 
of draff with approach parameter. 
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Figure 14 . — Comparison between theoretical and experimental 
ra nation of time with a p pnoach parameter. 



















